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I. OVERVIEW AND SUMMARY
Theoretical and experimental advances in recent years have paved the way for a significant step in our understanding
of the charged-current weak interaction in the nucleus and opened opportunities to push the sensitivity of a select
group of high precision probes for new physics beyond the reach of the LHC. These advances have come with the
refinement of experimental techniques, such as magnetic trapping of ultracold neutrons, trapping of radioactive ions
and atoms, and new methods for beta spectroscopy, and also through a change in the theoretical landscape, with
the introduction of a model independent, effective field theoretical analysis of beta decays and LHC constraints, high
precision lattice calculations of the nucleon form factors, the advent of systematic methods for evaluating nuclear
structure and operators, and most recently, with a new analysis of the electro-weak radiative corrections. This paper
summarizes discussions on workshops at Amherst, in November of 2018, and at Trento, in April of 2019. The primary
goal of the workshops was to evaluate beta-decay experiments for their sensitivity to beyond standard model physics,
identifying critical theory needs and the resources to address the problems. This document covers the experimental
approaches and theoretical inputs required to achieve the highest sensitivity to new physics, taking into account both
existing data and future sensitivity estimates from the LHC.
The standard model (SM) description for beta decay involves couplings with vector (V) and axial-vector (A) Lorentz
structure with a pure left-handed, V-A form. The review conclusions can be broken down into the analysis of beyond
standard model (BSM) couplings with V ±A structure and those with exotic scalar (S) or tensor (T) structure.
Through model-independent, effective field theory analysis, the CKM matrix unitarity test is firmly established as
one of our most sensitive and useful probes for Beyond Standard Model (BSM) physics, with experimental uncertainties
for the superallowed, 0+ → 0+ ft values providing < 10−3 sensitivity to new couplings and with radiative corrections
providing the largest uncertainty in the unitarity test until the past year. Recent advances in radiative-correction
calculations have led to a different landscape, with a factor of two smaller errors due to these effects and a roughly 4σ
discrepancy of the unitarity sum with the SM. This new landscape strongly motivates focused efforts on beta-decay
research. Given that the unitarity sum is one of our most precise probes for new physics, resolution of this issue is
critical in establishing the validity of our current understanding of the standard model. The most promising paths
to progress requires both experimental and theoretical efforts. On the experimental side, data from the neutron at
the 0.02% precision level is a high priority. From the theory side, the new approach to radiative corrections must be
confirmed and vetted. In addition, a multi-pronged effort is needed to provide a rigorous analysis of nuclear-structure
effects and to integrate many-body effects into radiative correction calculations.
In terms of searching for exotic couplings (i.e couplings with S and T structure), high-precision measurements of
beta spectra and of some correlation parameters in light nuclei and the neutron were identified as most promising to
reach sensitivity comparable or beyond the LHC. Experiments have goals of searching for the Fierz interference term
with uncertainties b < 10−3 implying sensitivity to new physics scales beyond 10 TeV. These experiments will only
reach their ultimate sensitivity provided sufficient progress in theory (for the nuclear decays) is achieved to calculate
the SM contributions, including recoil order effects and radiative corrections. The outlook for nuclear-structure theory
was considered in further depth at the ECT (Trento) workshop. The current status of ab-initio calculations suggests
that not only are the required calculations feasible, but can be approached in a self-consistent framework with a
well-defined expectation for the accuracy of the structure model. Given the scope of these projects, the structure
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2problems therefore do seem solvable, but not without investment to support young talent in the field.
The experimental data for the neutron lifetime will be addressed in the coming years. In addition to the relevance
for the CKM matrix mentioned above, this parameter plays an important role in our understanding of big bang
nucleosynthesis, solar fusion and neutrino cross-sections and searches for S and T currents. The past two years have
seen experimental results reinforcing concerns that measurements made of the decay protons in cold neutron beams
differ from the lifetime extracted from stored ultracold neutrons by 8.3±2.0 s, a large enough discrepancy to generate
an international effort to determine the source of this difference.
This document does not address searches for Time Reversal Symmetry Violation or measurements of the electron
neutrino mass. The structure of this document is to first review the basis for our sensitivity estimates for new physics
in Sec. II, deal specifically with the tests of unitarity of the CKM matrix in Sec. III, and then very briefly review, in
Sec. IV, the status and plans for high precision beta decay experiments. This sets the stage to identify the critical
inputs required in this experimental program to achieve their targeted sensitivity in Sec. V, the current status and
strategies of nuclear theory in Sec. VI and provide our conclusions in Sec. VII.
Overall, we see the next decade as a real opportunity to push a broadband sensitivity to new physics for the full
set of V, A, S and T couplings to energy scales at the level of, or higher than those accessible by the LHC. The
envisioned research program also has the necessary ingredients to either resolve or sharpen the current CKM unitarity
and neutron lifetime issues.
II. THE LANDSCAPE: ENERGY VERSUS
PRECISION FRONTIERS
The Standard Model of particle physics (SM) synthe-
sizes our knowledge of the workings of nature at its most
fundamental level. Despite its huge success over the last
40 years, the SM has a number of empirical shortcom-
ings (origin of baryon asymmetry, nature of dark matter,
neutrino masses, to name a few), and leaves several the-
oretical questions unanswered (such as what is the origin
of three generations and their mixing pattern, is there a
unifying principle beyond the observed interactions, what
stabilizes the hierarchy between weak and Plank scales,
etc.). Measurements at the LHC represent the energy
frontier and provide a direct avenue towards finding hints
of new physics at a high energy scale [1]. Apart from the
spectacular discovery of the Higgs, no other signs of new
physics have shown up so far at the LHC, so the questions
mentioned before remain unanswered.
The sensitivity to new physics in beta decay comes at
the precision frontier, via tests of the unitarity of the
CKM matrix, and by precision measurements of beta
spectra and correlations sensitive to the chiral structure
of the weak interactions (see [2] and references therein).
The impact of precision beta decay measurements can
be assessed in the context of effective field theory [3–
7]. The most sensitive observables are those leading to
interference of the SM currents with the new physics.
Thus, the new physics can show up as additional gauge-
fermion vertices (W -f -f ′) or new contact four-fermion
interactions generated by exchange of heavy particles,
either at tree or loop level. The resulting BSM interac-
tions can be parameterized in terms of coupling strengths
GF × α, where α are dimensionless parameters and
α ∈ {L,R, S, P, T} labels the Lorentz structure of the
interaction. The BSM physics can generate additional
contributions to the vector and axial vector couplings
of the standard model, with coupling strengths coupling
constants L and R, as well as chiralty-flipping currents
–scalar, pseudo-scalar, and tensor, with couplings S , P ,
and T , respectively). The dimensionless couplings are
related to the new physics scale Λ via
i ≈
( v
Λ
)2
(1)
with v ≈ 174 GeV, the vacuum expectation value. Thus,
experiments reaching sensitivity i < 10
−3 can explore
the Λ = 5 − 10 TeV range, not fully explored at the en-
ergy frontier, where many models for new physics provide
observable effects (see [2, 8] and references therein).
III. TESTS OF UNITARITY OF THE CKM
MATRIX
The check for the unitarity of the CKM matrix is an ex-
ample that has already reached experimental precision to
test for L,R at an interesting level and has recently pre-
sented surprises. This observable has competition only
from precision electroweak data, for which no improve-
ment is expected until the next linear collider is built,
but not from the LHC [7].
In the SM unitarity test |Vud|2+ |Vus|2+ |Vub|2 = 1 the
largest contribution comes by far from Vud, while the er-
ror budget receives comparable contributions from both
Vud and Vus. Therefore, nuclear data has played a cen-
tral role in this high-precision test of the SM. Presently
Vud is extracted with the highest precision from 0
+ → 0+
decays from nuclei ranging from 10C to 74Rb [9].
This data set also provides a stringent test of CVC
and a limit on S . Using data from nuclear decay, how-
ever, imposes a demand on theory to evaluate radiative
and isospin-symmetry breaking corrections with unprece-
dented precision and taking uncertainties in nuclear the-
ory into consideration. The nuclear structure dependence
of these calculations have been validated to a degree by
the consistency of the results obtained on the various iso-
3topes in the data set but missing overall factors could still
be present.
Recently, a new way of evaluating a part of the radia-
tive correction that was thought to be critical in limiting
the precision of the test, the so-called γ − W -box cor-
rection for the nucleon, has been performed [10]. With
respect to the previous calculation [11], it has yielded
both a reduction in uncertainty of approximately a fac-
tor of two as well as a different central value. The shift
is significant and an independent confirmation would be
desirable but, taken at face value, and using the latest
recommendation for Vus [12], would lead to a > 4σ dis-
crepancy with unitarity. Ref. [13] shows that a consistent
and precise evaluation of the γ−W box for nuclei is non-
trivial. They make an interesting connection to inclusive
neutrino scattering, pointing out that better data would
allow for a more accurate estimation. In addition, a path
for a lattice calculation has recently been proposed [14].
Meanwhile Marciano has reported at workshops calcula-
tions yielding values roughly in-between the previous [11]
and the results of Seng et al. [10]. Refs. [13, 15] explore
the application of the dispersive method to evaluating the
γW -box on nuclei and accounting for the lower part of
the nuclear excitation spectrum. Ref. [13] addresses the
correction that is uniform throughout the decay electron
spectrum, while Ref. [15] questions the validity of the
usual approximation that assumes that nuclear structure
does not alter the shape of the decay spectrum with an
explicit calculation. These studies are not fully conclu-
sive since both references operate with a free Fermi gas
model calculation of only one part of the nuclear excita-
tion spectrum, the quasi-elastic contribution. It is found
that the modifications of the energy-independent and
energy-dependent corrections nearly cancel each other in
the Ft values. Nevertheless, the individual shifts are
large, about double the size of the commonly accepted
uncertainty of the analysis of Hardy and Towner.
Discussions during recent workshops at Amherst [16],
and at Trento [17] show optimism for calculating these ef-
fects with the needed accuracy in light nuclei, such as 10C
and 14O, where ab-initio calculations (see, e.g. [18, 19])
can be performed. Alternatively, the additional terms
shown in Ref. [15] introduce a distortion of the beta spec-
trum and a Q-value dependent shift in the overall decay
rate that could be observed with an improved nuclear
data set. More fundamentally, these new calculations
show that it is possible to extract the nucleon and nuclear
structure dependent corrections within the same frame-
work, removing potential issues with the separation that
was introduced in previous methods.
Vud can also be extracted from neutron beta decay.
In this case, the nuclear structure dependent corrections
disappear and theoretical uncertainties are limited only
by that on the newly recalculated “nucleon γ −W -box”
correction, which it shares with the nuclear decays. The
uncertainty on this new calculation has been reduced
and in the case of the neutron the dominating uncer-
tainties are experimental, mainly limited by the deter-
mination of the neutron lifetime and other experiments
aimed at determining the axial nucleon form factor, gA.
A world-wide program to address apparent differences
observed between measurements of the neutron lifetime
as determined from experiments using beams of cold neu-
trons versus those using ultra-cold neutrons (UCNs) has
been established. Sec. IV presents prospects on expected
progress in the neutron beta-decay lifetime front, as well
as in experiments searching for breaking of the chiral
structure of the SM.
Ideally, an accurate determination of Vud from both the
nuclear decays and the neutron (and if possible the pion)
would further improve sensitivity to BSM physics [2, 4].
IV. EXPERIMENTAL OUTLOOK:
IMPROVEMENTS IN THE NEXT DECADE
A large part of the effort in high precision beta decay
measurement has focused on decay rates and angular cor-
relation measurements. One of the key drivers has been
the potential impact these measurements have on tests
of the CKM matrix unitarity. Presently, high precision
results are derived from superallowed decays. As men-
tioned in Sec. III, progress on the superallowed decays in
the next decade will likely be driven by theoretical devel-
opments. Neutron beta decay measurements are poised
to achieve sensitivity competing with the superallowed
decays over the next decade. Measurements of ft-values
from nuclear mirror decays could also contribute allow-
ing more probes of the potential sources of the current
CKM discrepancy, as well as constraining BSM physics
scenarios.
An emphasis is being placed on extracting high-
precision beta energy dependence of the angular corre-
lations, and new measurements of beta spectra. Below
we briefly describe planned angular correlation measure-
ments, spectral measurements, and the neutron lifetime.
A. Precision experiments of correlations in nuclear
and neutron decays
The most precise measurements in neutron decay now
have precisions comparable to the potential discrepancy
which has emerged for CKM unitarity. Furthermore, the
next generation of experiments (presented in Tables II
and IV C) can weigh in at the precision levels of the
new theoretical uncertainties for the EW-correction. As
these nuclear-structure independent constraints sharpen,
a real opportunity will be available to triangulate on the
potential origins of a unitarity violation, should it per-
sist. Specifically, two angular correlation experiments
(Nab[20] and one using PERC[21]) are planned with pre-
cision levels for the axial coupling constant at or below
the 0.025% level, and at least seven neutron lifetime ex-
periments are planned with nominal sensitivities for the
lifetime at the 0.3 s or lower, which should result in a
4precision for |Vud|2 below roughly the 0.04% during the
next decade.
Neutron angular decay experiments provide unique
sensitivity to the axial coupling constant, gA. The data
set for the axial coupling constant appears to be evolving,
with most recent experiments in agreement, but with a
larger magnitude for gA than those before PERKEO II.
In the short term, two experiments should report val-
ues of gA through measurement of the β − ν correla-
tion (aCORN[22] and aSPECT[23]) at a relevant preci-
sion level (roughly 1%) with the potential to clarify the
situation. These experiments have very different system-
atic error budgets from the β-asymmetry measurements
which dominate the data set for gA, and therefore may
have significant impact. This axial coupling constant can
now be directly compared with standard model predic-
tions from the lattice, providing another test for mod-
ifications of the standard model expectations for axial
currents, significantly more sensitive than those one can
produce from LHC. [7]. The precision of this test is cur-
rently driven by theory, with the quoted precision of lat-
tice calculations of gA from 1%[24] to 4%[25], with some
controversy as to what precision level is realistic. On
the other hand, optimistic theoretical predictions sug-
gest a factor of roughly 2 to 4 is immediately available in
this parameter, as lattice groups gain access to state-of-
the-art super-computing resources. These constraints are
new and very well motivated, as beta decay provides the
definitive value for the gA and measurements at the LHC
are not competitive for BSM extensions with A symme-
try [7].
Mirror nuclei also provide an independent extraction of
Vud[26], with
19Ne and 37K now providing |Vud| at about
the 0.2% level [27] with recent progress on essentially
all key components of the data for these systems, where
historically the precision of the angular correlation mea-
surements has dominated the uncertainty budgets. As
the focus on theoretical analysis of the nuclear systems
sharpens, low Z mirror systems such as 13N, 17F and 19Ne
may provide important cases for systematically check-
ing nuclear structure corrections. Major experimental
programs are envisioned at TAMU and Notre Dame to
develop high precision mirror decay angular correlation
measurements of the beta-neutrino correlation.
Taken as a whole, these high precision measurements
can be analyzed to constrain generic standard model ex-
tensions (the whole range of SM extensions with V, A,
S and T-symmetries). In this context, the mirror de-
cays and the neutron play complementary roles, with
the superallowed decays providing sensitivity to standard
model extensions with scalar and vector symmetries, and
mirror decays and the neutron sensitive to (depending on
the particular decay) all possible Lorentz symmetry ex-
tensions. For example, considering the decay rates and
angular correlation measurements of the neutron, super-
allowed and Gamow-Teller decays[28], one derives generic
limits at roughly a factor of two higher energy scale than
the LHC for BSM extensions with vector and axial vector
symmetry, comparable to the LHC for BSM scalar inter-
actions and somewhat lower than the LHC for tensor
interactions. Another independent analysis of a broader
set of nuclear data (including the mirror decays) sug-
gests tensor limits comparable to those from the LHC.
The next generation of measurements can certainly im-
prove these limits. In particular, planned correlation
measurements on superallowed nuclei should help pro-
duce independent constraints from the decay rate data
(used for unitarity analysis), strengthening the unitarity
probe. For tensor interactions, the energy scale should
be pushed to above 11 TeV with the planned program
of measurements and with even stronger limits possible
if complementary positron mirror decays are also charac-
terized at the 0.02% level.
It is worth noting that the BRAND experiment[29],
currently in an R&D phase, plans to determine a col-
lection of 11 angular correlations in neutron decay, in-
volving measurements of the electron and proton mo-
menta, and the electron and neutron spins, with sensi-
tivities at roughly the 10−3 level or below for all of these
observables. Sensitivity at this level is planned for the
European Spallation Source (ESS), for which a particle
physics beam line is proposed, and which could be avail-
able as early as 2025.
Tables I and II, shown below, summarize expectations
for progress in measurements of β-decay correlations over
the next decade.
B. Spectral measurements
Precise measurements of beta spectra are very sensi-
tive probes of non-V − A currents. If scalar or tensor
interactions existed, they would generate a distortion of
beta spectra, called the Fierz interference, proportional
to m/E. Measurements with precision b < 10−3 for GT
transitions yield sensitivity to T currents:
T . 1.5× 10−4 or
Λ & 14 TeV.
For this reason there is renewed interest in spectroscopic
methods.
New experiments to measure the beta spectra will ex-
ploit well developed spectroscopic methods such as “her-
metic” Si detector systems (MiniBETA, the LANL 45Ca
experiment and Nab) as well as magnetic spectrometers
(NOMOS). Other experiments will further improve the
calorimetric technique with implanted radioactive beams
developed at NSCL[31, 32], and there are ongoing efforts
to use cyclotron radiation emission spectroscopy[33] to
develop new handles on the sources of systematic error
in spectroscopy, and offer the hope of pushing below the
10−3 level in Fierz terms.
Table III shows a list of experiments aiming at beta-
spectra measurements with nuclear systems. The neu-
tron decay beta-spectra measurements are incorporated
in Table II.
5TABLE I. List of nuclear β-decay correlation experiments in search for non-SM physics a
Measurement Transition Type Nucleus Institution/Collaboration Goal
β − ν F 32Ar Isolde-CERN 0.1 %
β − ν F 38K TRINAT-TRIUMF 0.1 %
β − ν GT, Mixed 6He, 23Ne SARAF 0.1 %
β − ν GT 8B, 8Li ANL 0.1 %
β − ν F 20Mg, 24Si, 28S, 32Ar, ... TAMUTRAP-Texas A&M 0.1 %
β − ν Mixed 11C, 13N, 15O, 17F Notre Dame 0.5 %
β & recoil Mixed 37K TRINAT-TRIUMF 0.1 %
asymmetry
a Experiments specifically searching for time-reversal symmetry violation not listed here
TABLE II. Summary of planned neutron correlation and beta spectroscopy experiments
Measurable Experiment Lab Method Status Sensitivity Target Date
(projected)
β − ν aCORN[22] NIST electron-proton coinc. running complete 1% N/A
β − ν aSPECT[23] ILL proton spectra running complete 0.88% N/A
β − ν Nab[20] SNS proton TOF construction 0.12% 2022
β asymmetry PERC[21] FRMII beta detection construction 0.05% commissioning 2020
11 correlations BRAND[29] ILL/ESS various R&D 0.1% commissioning 2025
b Nab[20] SNS Si detectors construction 0.3% 2022
b NOMOS[30] FRM II β magnetic spectr. construction 0.1% 2020
For neutron decay, there are no expected theoretical
uncertainties above the 10−4 level, strongly motivating
neutron decay measurements, but these advantages are
balanced by the neutron being rather insensitive to scalar
interactions and the difficulties of matching the availabil-
ity decay rates of some equally sensitive nuclear decays
such as 6He. A recent overview of capabilities of standard
approaches to predict beta spectra[34] indicates relative
uncertainties at the level of a few ×10−4. Searches for
chirality-flipping interactions aiming at sensitivities be-
yond 10−3 will need improvements in calculations. This
should be feasible, particularly for lighter nuclei, where
ab-initio calculations can reach the needed precision.
C. Neutron decay lifetime
As described in Sec. III, a central issue for a precise
extraction of Vud from neutron beta decay is the ex-
perimental status of the neutron lifetime[35, 36]. This
quantity also plays a role in high precision predictions
of Big Bang nucleosynthesis, solar fusion rates and neu-
trino cross-sections. The global lifetime data-set is dom-
inated by measurements of ultracold neutrons (UCN)
stored in material and magnetic traps, with the most
precise of material trap experiment (gravitrap) reporting
values of 878.5± 0.7(stat)± 0.3(sys) s[37] at ILL and the
most precise magnetic trap experiment (UCNτ) report-
ing 877.7 ± 0.7(stat) + 0.4/0.2(sys) s[38] at LANL. The
average of recent UCN measurements is 879.5(7) s, with
the uncertainty expanded to account for scatter, in sharp
contrast with a well-established program of cold neu-
tron beam measurements performed at NIST[39]. These
cold neutron beam measurements determine the absolute
neutron beta decay rate by counting decay protons in a
variable volume Penning trap and measurements of the
neutron density, with a neutron lifetime (averaged over
two similar experiments) of 887.8(2.0) s. This discrep-
ancy has already spurred significant investments over the
next decade, involving an ongoing program at NIST with
planned sensitivity below 2 s using the existing experi-
mental apparatus (BL2) and a major upgrade planned
to begin commissioning in 2023 (BL3). In parallel, the
UCNτ experiment is also developing a concrete plan for
staged upgrades of the existing apparatus, with current
runs targeting uncertainties around 0.25 s evolving ulti-
mately to an experiment optimally matched to the LAN-
SCE UCN source production and a factor of 4 improve-
ment in the statistical uncertainty. The gravitrap exper-
iment has a goal of below 0.3 s for its current efforts as
well.
In addition to these leading experiments, there is a very
large community of physicists developing new measure-
ments. These experiments include a cold neutron beam
experiment, targeting 1 s precision, which measures the
neutron density and beta decay rate in a time-projection
chamber (JPARC-TPC), with an upgrade planned for the
future to implement an “entraining” axial magnetic field
for the charged particles produced in the TPC (LINA)
which is targeting 1 s precision at present. They also
include four magnetic trap experiments which explore
different loading, population measurement and spectral
6TABLE III. List of nuclear β-decay spectral measurements in search for non-SM physics a
Measurement Transition Type Nucleus Institution/Collaboration Goal
β spectrum GT 114In MiniBETA-Krakow-Leuven 0.1 %
β spectrum GT 6He LPC-Caen 0.1 %
β spectrum GT 6He, 20F NSCL-MSU 0.1 %
β spectrum GT, F, Mixed 6He, 14O, 19Ne He6-CRES 0.1 %
a Experiments specifically searching for time-reversal symmetry violation not listed here
conditioning methods. For example, the group of Ezhov
was the first to report neutron lifetime measurement with
magnetically trapped ultracold neutrons[40, 41], and is
currently constructing a new permanent magnet trap
with a goal of 0.3 s precision[42]. The Ezhov trap,
TauSpect[43], PENeLOPe[44] and HOPE[45] should sig-
nificantly broaden our assessment of the systematic er-
rors associated with the magnetic trapping technique.
Overall, the community goal for the next decade is to
establish a consistent value for the beta decay lifetime
of the neutron at the 0.3 s or below, with the most pre-
cise measurements aiming for 0.1 s level precision. We
note that an R&D project (PROBE) is also on-going to
develop new absolute beta decay rate experiments using
UCN, as a cross-check of cold neutron proton counting
experiments[46].
V. REQUIREMENTS FROM NUCLEAR
THEORY
One source of uncertainty that has bearings in compar-
isons between LHC and nuclear data are nucleon charges,
namely, form factors evaluated at zero momentum trans-
fer. There has been recently important progress in lattice
computation of the scalar, tensor, and axial charges, gS ,
gT , and gA (see, for example, Ref. [24, 25, 52, 53] and ref-
erences therein). The uncertainty on gT is at the 5% level
and sufficient for the present needs, but the uncertainty
on the scalar is approx. 10% [25]. A further reduction
of about 2 should be attainable and will be welcome.
The uncertainty on gA is subject of debate in the litera-
ture. While it is agreed that the uncertainties are lower
than 3%, only one group reported an uncertainty at the
level of 1% [54], that others consider to not account for
all systematic uncertainties [25]. We look forward to a
resolution of the discrepancies and improvements on the
uncertainties. This would allow for more sensitivity to
identify new physics with V + A chiral structure (R),
through a comparison of the calculated and measured
values of gA.
Regarding tests of the unitarity of the CKM martix,
Hardy and Towner [9] carried out careful analyses of data
and calculations of corrections needed to extract Vud from
superallowed Fermi transitions with precision improving
over many years of work. It is remarkable work that ren-
dered a sensitive probe for new physics. The approach
followed by Hardy and Towner[9] assumes a particular
decomposition of radiative and isospin-breaking correc-
tions, with a logic that makes much sense in the con-
text of a traditional phenomenological description of the
complicated nuclear-structure problem. Radiative and
isospin-breaking corrections are calculated with the help
of shell-model calculations and Saxon-Woods approxi-
mations to estimate the radial overlap of initial and fi-
nal wave functions, and applied to nuclei from 10C to
74Rb. The uncertainties are estimated a posteriori by
gauging the constancy (i.e. independence on Z) of the
corrected Ft values. This approach was developed with
patience to critically assess the experimental data and
clever ideas to find ways of simplifying and refining the
nuclear calculations. The results have shown a remark-
able level of consistency, so far not reached by any alter-
native method[55]. The method, however, makes signifi-
cant approximations, such as treating part of the radia-
tive “nuclear γ −W -box contribution” as dominated by
Gamow-Teller transitions followed by M1 decays feeding
the final state, with associated form factors that are ex-
tracted from comparisons to single-transitions data. The
method does not allow for estimation of uncertainties in
an ab-initio way. An important theory need is thus the
solution to the problem of radiative and isospin-breaking
corrections performed within an ab-initio model and with
an EFT approach that would allow one to solve the prob-
lem consistently and, if possible, accounting for uncer-
tainties in a realistic way. More details on the prospects
are given in Sec. VI.
In searches for contributions of exotic chirality-flipping
interactions, the accurate description of SM observables
requires also the proper inclusion of small effects, such
as radiative corrections and contributions of induced
hadronic form factors, like weak magnetism or the in-
duced tensor. In contrast to the extraction of Vud from
superallowed transitions, the searches for exotic interac-
tions through measurement of correlation parameters or
through spectrum shape measurements do not require
knowing absolute matrix elements or corrections which
do not affect the dependence on the β-particle energy.
For example, the effect of radiative corrections and of
the induced tensor form factor in measurements of β− ν
angular correlations in 6He and 32Ar, has been discussed
in Ref. [56]. The inclusion of these effects requires often
Monte-Carlo simulations of the experimental conditions
as well as the consideration of the particular decay prop-
7TABLE IV. Summary of planned neutron lifetime experiments
Experiment Lab Method Status Sensitivity Sensitivity Target Date
(current) (projected) (projected)
Gravitrap[47] ILL UCN Material Trap running 0.92 s 0.3 s N/A
UCNτ [38] LANL UCN Magnetic Trap running 0.7 s < 0.3 s 2020
HOPE[45] ILL Hybrid Trap running 15 s 0.3 s N/A
TauSPECT[43] Mainz UCN Magnetic Trap construction 0.3 s commissioning 2019
PENeLOPE[44] N/A UCN Magnetic Trap construction 0.1 s commissioning 2020
Ezhov Trap[42] ILL UCN Magnetic Trap construction 0.3 s N/A
BL2[48] NIST CN beam proton det running below 2 s running till 2021
BL3[49] NIST CN beam proton det funded 0.3 s commissioning 2023
J-PARC TPC[50] J-PARC CN beam TPC running 10 s 1 s N/A
PROBE[51] LANL branching ratio R&D 1 s 2021
erties of the selected nuclei.
Another example is the impact of such corrections in
measurements of the shape of β energy spectra. The reg-
ular order-α radiative correction generally assumes that
photons from inner-bremsstrahlung are fully distinguish-
able from β particles and are not detected. Whereas
such conditions generally apply to magnetic spectrome-
ters and gas detectors, and will likely apply to the new
CRES technique, the assumption is not valid for calori-
metric techniques, which require dedicated Monte-Carlo
simulations.
Moreover, in well selected transitions, the largest
hadronic form factors for the analysis of the shape of
β energy spectra are the weak magnetism, bWM , and the
induced tensor, dI . The selection of a particular nucleus
is then crucial for limiting the impact of uncertainties
in these form factors. Interesting candidates are β de-
cay transitions in isospin triplets, because the weak mag-
netism form factor can then be related to the width of
the isovector part of the analogous M1 electromagnetic
transition through the strong form of CVC, and can be
calculated from other experimental data. In the notation
of Ref. [57], the current value of the weak magnetism form
factor calculated from CVC for 6He is bWM = 68.22(79),
where the uncertainty is dominated by the width of the
M1 transition in 6Li. The sensitivities of the Fierz term,
bGT , to the form factors in this transition, deduced from
Monte-Carlo simulations, are listed in Table. V. It is seen
that the current precision on bWM is sufficient to reach
the level of 0.1% on the Fierz term.
The impact of the induced tensor needs also to be con-
sidered case by case. In isospin triplets for which the β−
and the β+ branches can separately be studied, this form
factor can be extracted experimentally, as performed in
the mass A = 20 system [58]. Such a comparison is im-
possible in mass A = 6 because the 6Be ground state is
unbound. It is nevertheless still possible to obtain an ex-
perimental limit on this form factor from its contribution
to other observables. The actual determination of a value
for the induced tensor currently relies exclusively on the-
ory. Because of the simple properties of the allowed 6He
decay, the induced tensor form factor is expected to be
strongly suppressed [59], which has been recently con-
firmed using state of the art ab-initio methods[60].
For mirror transitions between T = 1/2 doublets,
the weak magnetism form factor is predicted from CVC
by the difference between the magnetic moments of the
initial and final states, whereas the induced tensor is
strongly suppressed by isospin symmetry. In nuclei with
T = 32 second rank tensor-order recoil corrections are also
almost entirely given by CVC predictions, or suppressed
by isospin symmetry.
TABLE V. Sensitivities to hadronic form factors of the Fierz
term, contributing to the β energy spectrum in 6He decay.
Parent nucleus ∆bGT /∆bWM ∆bGT /∆d
I
6He 5.7 × 10−4 1.9 × 10−5
VI. NUCLEAR THEORY IN THE NEXT
DECADE
The previous section has laid out the main challenges
of nuclear theory, which include three main fronts: (i)
nuclear structure effects in the calculation of radiative
corrections, particularly the γ-W box; (ii) nuclear struc-
ture corrections to the interaction of the electro-weak
probes (the β particle and the neutrino or anti-neutrino)
with the nucleus, beyond the leading order approxima-
tion of the probes interacting with a single nucleon in
the nucleus; and (iii) a lattice-QCD assessment of nu-
cleon charges, essential to connect nuclear observables to
quark-level couplings. In particular, the uncertainties in
gA, gS , and gT , limit the sensitivity to R, S , and T ,
respectively.
We first elaborate on the nuclear structure effects in
(i) and (ii), and emphasize the current and near-future
abilities of nuclear structure calculations.
The feasibility to overcome these challenges relies on
much progress made in the last few years in the field of
ab-initio nuclear calculations, allowing precision evalua-
8tion of nuclear wave functions and matrix elements, from
light nuclei to nuclei in the mass range of A = 100. These
calculations use a nuclear potential, which is systemati-
cally built using effective field theory (EFT) of QCD at
low energies (for a review see [61]). The use of EFT ex-
pansion enables an assessment of the inherent accuracy
of the calculation, a property which is very attractive in
the context of searching for beyond the standard model
signatures. Uncertainty quantification for nuclear calcu-
lations has seen a huge progress in recent years [62, 63].
In addition, this EFT is used to construct consistently
the interaction of a weak probe with a nucleus.
A recent study can be used as an example of the cur-
rent state-of-the-art in the computation of β-decays from
up to 100Sn. This work combines the aforementioned ef-
fective field theories of the strong and weak forces, with
powerful quantum many-body techniques [64]. The re-
sults indicate that accuracy of a few percent, with high
precision wave functions, can be achieved in the Gamow-
Teller strengths, at nuclear masses relevant to the β-
decay searches mentioned here. This work shows that
there is no need to suppress the axial constant artifi-
cially in order to reproduce experimental Gamow-Teller
strengths, and thus gives a solution to the long-standing
problem of “gA quenching” in nuclear systems. The same
study presents that this feasibility can be achieved with
other fully ab-initio methods such as the No-Core Shell
Model [65], and the valence-space in-medium similar-
ity renormalization group (VS-IMSRG) method [66], for
light and medium mass nuclei. Moreover, similar findings
have been obtained using Quantum Monte Carlo meth-
ods for light nuclei (A = 6 − 10) in Ref. [19], as well as
expansions in hyper-spherical harmonics [67].
The success of consistent currents and forces in de-
scribing transition strengths has been demonstrated, al-
beit only at masses A < 15, in the electromagnetic sec-
tor as well (see, e.g., a recent review [68] and references
therein), where similar accuracy has been found for M1
transitions and nuclear magnetic moments.
In particular, regarding the nuclear structure charac-
terization needed for a correct interpretation of β-decay
experiments:
Nuclear Structure Effects in the γ-W box-. The com-
mon analysis of the γ-W box misses some of the strength,
related to the excitations of the nucleus in the loop. This
resembles the nuclear-structure corrections in muonic
atoms [69], where a similar problem was solved by repre-
senting it as a sum rule, and using the Lanczos approach
for its calculation. Although this was accomplished to
date only for very light nuclei, sum rules calculations
were generalized to coupled cluster methods and applied
for heavier nuclei, e.g., 48Ca [70]. The successful use of
such methods indicates the feasibility of making progress
in the calculation of nuclear structure effects for the γ-
W-box radiative correction to β-decay observables.
Nuclear Structure Effects in the Interaction of a Weak
probe and a Nucleus-. It is well known that the weak in-
teraction with a nucleus is not just a coherent sum over
its nucleonic constituents. In fact, already the ”indepen-
dent particle approach” [57], introduces recoil corrections
r =
q
MN
, due to the momentum q transferred to the nu-
cleon, of mass MN , in the interaction. The nucleonic
kinetic energy P , when bound to a nucleus, introduces
additional, relativistic corrections NR =
P
MN
. In addi-
tion, the finite size of the nucleus introduces the multipole
expansion parameter, qR = qR. These parameters are
taken into account in some of the studies of β-decays,
e.g., Ref. [34]. For a typical β-decay kinematics with
endpoint of Qmax = 2 MeV, and a medium mass nucleus
(relevant to approximate P ), one sees that all these are
in fact small parameters: NR ≈ 15 , r ≈ 0.01 · A1/3,
qR ≈ 0.002.
Finally, the most interesting factor is related to the fact
that the strong interaction introduces many body correla-
tions, beyond the single particle, impulse approximation.
At low energies, this is modelled through an effective field
theory expansion of the strong interaction at nuclear en-
ergies, with expansion parameter of EFT ≈ 15 → 13 .
The interaction of a weak-probe of polar-vector symme-
try (e.g., weak magnetism) is corrected by EFT , and that
of a weak-probe of axial-vector symmetry (e.g., Gamow-
Teller) is suppressed by more than 2EFT . The aforemen-
tioned study [64] uses the latter model and reaches a
few-percent of accuracy.
The fact that the nuclear model allows a few-percent
accuracy on specific transitions, and that the kinematical
suppression factor is small, means that future designated
calculations of nuclear structure corrections to different
β-decay observables can reach the needed few times 10−4
accuracy.
We notice that identifying beyond the Standard Model
effects can be done just by comparing theoretical cal-
culations with the experimental value. However, in or-
der to relate such differences with high energy physics,
one needs to relate the different nucleonic form factors
with the fundamental quark charges. For example, right-
handed currents would result in a deviation of the ob-
served axial coupling g˜A from that predicted by lattice
QCD calculations. The comparison is presently limited
by the precision of lattice QCD calculations, now reach-
ing into the 1% level [24]. BSM signatures of non-V −A
structures, e.g., tensor, will be proportional to the nu-
cleonic charge corresponding to these structures. Recent
QCD calculation, Ref. [71], has demonstrated that such
nucleonic couplings have natural values, with ≈ 5− 10%
precision. Further improvements would put stronger con-
straints on the BSM couplings, for a given (positive or
null) experimental result.
The nuclear structure parts of this work, which was
described above, seems feasible, by similarity to other
problems and to calculations in the literature. However,
there is still much work needed to reach successful pre-
dictions for either the γ −W box or the probe-nucleus
interaction nuclear structure, a.k.a recoil, effects. In both
cases, the needed work can be divided into different steps.
The first step is to construct the formalism, that is, iden-
9tify the operators which need to be calculated, and how
these can be combined into the calculation of an observ-
able. This effort, is still not resolved in the case of the
γ − W box, while almost fully solved for the nuclear-
structure recoil type corrections. The following step is
then to calculate the wave functions. The complexity of
this step, in the case of precision beta decay studies is
due to the fact that these are not very light nuclei, and
thus one needs to use large-scale ab-initio calculations.
In the nuclear structure recoil effects this is a matter of
enough computing power and person power to operate
them. For the calculation of the radiative corrections,
this will probably include sum rules, which complicates
significantly the calculations, though still feasible [70].
Clearly, there is a strong connection between experi-
ment and theory in the β-decay precision front. More-
over, we expect that as new calculations accumulate,
the theoretical part can point towards new directions,
that would constrain Beyond the Standard Model physics
in other β-decaying nuclei. For example, recent study
has highlighted the relevance of forbidden decays in this
realm [72].
VII. CONCLUSIONS
Improvements in nuclear beta-decay experimental
techniques allow for sensitivities to new physics reaching
beyond the 10 TeV scale. This is an interesting com-
plement to the LHC program. New developments for
beta-spectra measurements and some correlations in nu-
clei could yield high sensitivity to new physics. The ex-
periments, however, cannot reach ultimate sensitivities
without help from nuclear theory. Theory is needed to
precisely extract Vud and test the unitarity of the CKM
matrix, and to predict the Standard Model contributions
to experiments searching for non-V −A currents.
The test of the unitarity of the CKM matrix has shown
recent interesting developments. Using the most recent
evaluations of corrections for extraction of Vud yields a
> 4σ discrepancy with unitarity. The data is based on
performing isospin-symmetry breaking and radiative cor-
rections to nuclei from 10C to 74Rb, and there is some
concern on the accuracy of the approximations that have
been used so far.
Fortunately, recent progress in ab-initio–EFT nuclear
theory indicate the calculations, albeit non trivial, should
be doable with the required precision. Support for theory
is thus important for the field to achieve its potential for
discovery.
Overall, we see the next decade as a real opportunity
to realize a vibrant program in precision beta decays with
broadband sensitivity to new physics for the full set of
V, A, S and T couplings, probing energy scales compa-
rable or higher than those accessible by the LHC. The
envisioned research program also has the necessary in-
gredients to either resolve or sharpen the current CKM
unitarity and neutron lifetime issues.
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